Nanoporous Photocathode and Photoanode Made by Multilayer Assembly of Quantum Dots
represent an advanced dimension of materials that bridges bulk material and molecular behavior and offers prospects of novel and size-dependent optical, electronic, and optoelectric properties. [1] [2] [3] [4] [5] [6] [7] Extensive studies have been carried out to organize semiconducting NPs into thin films, for example by LangmuirϪBlodgett (LB) techniques and by self-assembly methods. [8] [9] [10] [11] [12] [13] The well-established layer-by-layer (LBL) assembly technique, initially developed for pairs of oppositely charged polyelectrolytes, has also been successfully employed. [14] [15] [16] [17] [18] [19] [20] [21] [22] The protocol is based on the electrostatic interactions between sequentially adsorbed monolayers of NPs and oppositely charged polyelectrolytes. It provides a simple and facile route to fabricate hybrid thin film structures. Incorporation of various types of semiconducting NPs has been reported, and the photocurrent generation at films thus formed has also been investigated. 12, 17, [23] [24] [25] [26] In comparison with the monolayer film structures, a large amount of photoactive centers can be uploaded, and therefore a larger light harvesting can be obtained.
On the other hand, to optimize the assembly performance, it is important to understand how the electron transfer induced by light excitation proceeds through the film. Kotov et al. have reported photocurrent measurements at multilayers constructed from titanium dioxide (TiO 2 ) NPs and poly-(diallyldimethylammonium) (PDADMA) polyelectrolytes. It was shown that the photocurrent increases with increasing number of bilayers and reaches a maximum at 10 bilayers. 12 A similar trend has been observed later by Halaoui for multilayer films of cadmium sulfide (CdS) NPs and PDADMA. 25, 26 The electron transport through the film was proposed to occur via electron hopping between the CdS NPs. In a recent publication, we have reported the photocurrent responses of hydrophilic ultrathin aqueous films composed of alternate layer of poly-Lysine (pLys) and polyGlutamic acid (pGlu), sensitized by a terminal layer of CdSe NPs and placed in a water immiscible organic electrolyte solution. 17 The photoinduced electron transport through the film was shown to proceed mostly via electron hopping between the ferri/ferrocyanide mediators incorporated in the aqueous films. It has also been suggested in this study that the potential drop at the electrode takes place over about five polyelectrolyte bilayers.
The present work aims at constructing aqueous multilayer assemblies, (pLys/CdSe) n , and (pLys/CdSe@CdS) n , in which the NPs function both as a sensitizer and a mediator (Scheme 1). Electrostatic interactions between the positively charged pLys and the negatively charged NPs enables the build-up of multilayer films, as confirmed by optical spectroscopic measurements. The photoinduced carrier dynamics of CdSe and CdSe@CdS NPs in the films is studied by time-correlated single photon counting *Address correspondence to hubert.girault@epfl.ch.
(TCSPC). It shows that the fluorescence decay of the NPs inside the film differs from that in aqueous solutions, indicating a longer lifetime when attached to the film. The photocurrent responses from multilayer films of different thicknesses are obtained in 1,2-dichloroethane (DCE) electrolyte solution. Photocathodic currents were mainly observed for (pLys/CdSe) n films and photoanodic currents were mainly recorded for (pLys/ CdSe@CdS) n films. The dependences of photocurrent magnitude on the applied potential and the thickness of the film were quantitatively analyzed with a kinetic model of photoinduced charge transfer reactions. It is shown that the current increases with increasing film thicknesses, and is directly proportional to the number of the NPs layers. The rate constant of photoinduced reduction of CdSe and photoinduced oxidation and CdSe@CdS NPs at the gold electrode was found to depend on the applied potential and to be insensitive to the film thickness.
RESULTS AND DISCUSSIONS
Characterization of the Growth of (pLys/NPs) n Multilayers. The growth of the alternating pLys/NPs composite multilayer film was monitored by UVϪvisible absorption and steady-state fluorescence spectroscopic measurements. Figure 1 panels a and c show the absorption spectra per bilayer for (pLys/CdSe) n and (pLys/ CdSe@CdS) n films, respectively. It is clear that in both cases, the absorbance of films globally increases with the number of bilayers.
This suggests that the NPs were successfully assembled onto the film and that the number of NPs inside the film increases with the number of deposition cycles. The absorption spectra of CdSe and CdSe@CdS NPs in the multilayer films are similar to those of CdSe and CdSe@CdS NPs dispersed in water, which indicates that NPs in the film are well separated from each other and that no aggregation takes place during the assembling processes. Furthermore, the absorbance of the films increases linearly with the number of bilayers, as illustrated in Figure 1b for absorbances of CdSe NPs at 442 and 540 nm, and in Figure 1d for absorbances of CdSe@CdS NPs at 440 and 530 nm. This good linearity indicates a uniform deposition process for each assembling cycles up to 10 bilayers. The nanostructure characterization of this kind of films has been extensively studied by a variety of spectroscopic techniques as well as SEM, AFM, Kelvin probe, conductivity, and electrochemical techniques. [20] [21] [22] 27, 28 The MUA layer thickness was found to be approximately 2 to 3 nm, 21 the average pLys layer thickness is between 2.5 and 5 nm. 20, 21 Figure 2a displays and compares the steady-state fluorescence spectra of CdSe NPs in solution and in the multilayer films. The fluorescence spectrum of the CdSe NPs in solution features a narrow band with a bell shape in the spectral range of 500Ϫ600 nm with a maximum at 550 nm, which originates from the 1s e Ϫ1s h excitonic transitions. Identical emission spectra can be observed for the (pLys/CdSe) n multilayer films. The fluorescence intensity also increases linearly with the number of pLys/CdSe units (inset of Figure 2a ), which further confirms the uniformity obtained for each assembling cycle. Similar behavior is observed for (pLys/CdSe@CdS) n , where a strong fluorescence with an emission maximum at 540 nm is observed (Figure 2b) .
The relative intensity of the emission was also found to increase linearly with increasing the number of bilayers. This kind of layer-by-layer assemblies has recently Charge Carrier Dynamics of (pLys/CdSe) n and (pLys/CdSe@CdS) n Films. Time-resolved fluorescence measurements provide a highly sensitive method to probe the charge transfer kinetical properties of the particles. These measurements were here performed using a TCSPC setup. In contrast to steady-state fluorescence experiments that showed no differences between bulk and film emission spectra, CdSe and CdSe@CdS NPs display different charge carrier kinetics in the film compared to bulk solution, as shown in Figure 3 and Figure S3 (Supporting Information), respectively. The measurements (film and solution) were carried out exactly in the same conditions of excitation wavelength, laser power, repetition rate, and detecting wavelength. Immediately from Figure 3 and Figure S3 , it can be observed that the fluorescence decay of CdSe and CdSe@CdS NPs in solution are faster than that in the multilayer film. To analyze the data, both traces were fitted by a three exponential function and the fit parameters are shown in Table 1 . The fitting equation is described as follows:
1 , 2 , and 3 are the lifetime constants of the fit function, while a 1 , a 2 , and a 3 are the pre-exponential factors and represent the amplitude of each lifetime constant. The number of components in the fit function and the best fitting values were based on minimizing the variation of the residual and on the closest value of 2 to 1.
To determine the relative fluorescence intensity contribution of each lifetime component to the total fluorescence intensity, we calculated the normalized percentage amplitudes A 1 , A 2 , and A 3 from the observed fluorescence decay times and pre-exponential factors using the following equation:
The fit results show some interesting trends. The fluorescence decay is best described by a multiexponential fit with three lifetime components 1 Ͻ 2 ns, 2 Ϸ 3Ϫ6 ns, and 3 Ͼ 17 ns. All the lifetime constants are slightly larger in the film than in solution with an average lifetime varying from about 10 ns in solution to about 15 ns for a 11 bilayers film. It is also clear that increasing the number of layers does not really change the dynamics of these particles since the amplitudes of each lifetime are almost stable.
The explanation of the origin of each lifetime component is outside the scope of the present work. Several groups have tried to provide a physical interpretation of fluorescence lifetime of various semiconducting NPs (CdSe, CdS, CdTe, GaSe, CdSe@ZnS, CdSe@CdS, . . .) measured using different methods (multiexponentials, stretched exponential, or both together) according to the time window studied. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] To date, no detailed physical model has been used to describe their emission dynamics. Consequently, we will present only a brief qualitative discussion of each parameter. The shortest lifetime 1 is probably due to the rapid quenching by various surface states. 31, 32, 46 However, the na- ture of these surface states is not completely clear as they depend on the synthesis route. Here, the citric acid layer is likely to be involved. As 1 is smaller in the bulk (NPs in solution) compared to the film, but independent of the film thickness, the electrostatic interactions between the citrate coated NPs and pLys could be at the origin of the reduction of the number of the surface states, leading to the longer lifetime in the film due to the change of the local electric field. This dynamic component plays a larger role in solution than in the film, and this accounts partly for the variation of the average lifetime value. One can speculate that pH may be the cause for this variation, as pLys is likely to increase the film pH, thereby neutralizing the citric acid ligands and decreasing the number of surface traps. The second lifetime 2 has been previously attributed to the lifetimes of charged excitons (trions) for charged particles like here the negatively charged CdSe and CdSe@CdS NPs. 31, 35, 36 It can be observed that 2 hardly varies with the environment and can be considered as an intrinsic property of the NP. The longest lifetime 3 has been shown previously 31, 33, 36, 40, 41 to be independent from the excitation power and from any chemical treatment or surface modifications, supporting the fact that 3 is an intrinsic property of the particle. The present data show that 3 does not increase with the film thickness, although a difference can be observed between the bulk and the film. This third term also accounts partly for the average lifetime difference between the bulk and the film.
All in all, we can unambiguously conclude that films of different thicknesses of (pLys/CdSe) n and (pLys/CdSe@CdS) n incorporate nanoparticles having similar charge carrier dynamics for different film thicknesses larger than three layers, showing that the films behave uniformly.
Photocurrent Responses of (pLys/CdSe) n and (pLys/CdSe@CdS) n Films. Figure 4 shows the cyclic voltammetric response of a (pLys/CdSe) 7 film in a DCE electrolyte solution containing 5 mM BTPPATPFB, recorded in the dark at a scan rate of 10 mV · s
Ϫ1
. A potential window from Ϫ0.5 to 1.5 V was obtained, in which mainly a capacitive background current was observed, allowing the study of the photoelectrochemical response of CdSe. 24 When an aqueous film thicker than 20 nm, that is, composed of more than three bilayers is immersed into the organic electrolyte, we form two polarized interfaces in series, namely, the electrode/aqueous film interface where only electron transfer reactions can take place and the aqueous film/organic solution interface where both heterogeneous electron transfer reactions and ion transfer reactions can occur. These two interfaces in series result in a large potential window being the sum of two independent potential windows.
The electron transfer at the gold electrode must be accompanied by a complementary charge transfer process between the film and the solution in order to maintain the electroneutrality of the film: at positive potentials, the anodic oxidation at the electrode is equilibrated, in the absence of redox reactions at the liquid | liquid interface, either by the ingress of anions from the organic phase into the film or by the egress of the cations. On the other hand, at negative potentials, the electroneutrality is maintained either by the ingress of cations or the egress of anions. Figure 5 panels a and b display the photocurrent transients at various potentials obtained for films with different numbers of bilayers (pLys/CdSe) n . It is clear that the photocurrent strongly depends on the number of bilayers and on the applied potential. Except for a small photoanodic current observed at very positive potentials for a thin film, as shown in Figure 5a , mainly photocathodic currents were obtained. The photocurrent transients have almost the same shape, regardless of the number of layers, rising sharply to a maximum initial value j 0 upon illumination and decaying slowly in the following seconds. When the illumination is stopped, the photocurrent decreases back to zero.
In the general case, the initial photocurrent is only associated with the photo-oxidation and photoreduction of the film and it can be simply expressed by
where k ox * and k red * are the respective electron transfer rate constants (s
) from the excited film to the gold surface (photo-oxidation) or from the gold electrode to the excited film (photoreduction) as illustrated in Scheme 2.
⌽is defined by
where F, A, I 0 and N A denote Faraday's constant, the absorbance of the film, the incident light intensity, and Avogadro's constant, respectively; k r is the average rate constant assigned to the decay of the excited-state of CdSe particles as measured by TCSPC. When only a photocathodic current is observed, the photoreduction is dominant and we have k red * Ͼ k ox * . In this case, eq 3 reduces to
Equation 5 predicts that the initial photocurrent under these conditions is proportional to the absorbance of the film and to the rate constant k red * . The dependence of the initial photocurrent on the number of pLys/CdSe bilayers and therefore on the absorbance of the film is demonstrated in Figure 6a . The photocathodic current increases linearly with the film thickness and the absorbance showing that all the CdSe NPs are photoelectrochemically active. Figure 6a also illustrates that the photocurrent strongly depends on the overall potential difference applied between the gold electrode and the organic electrolyte solution. The cathodic photocurrent responses increase when the applied potential is biased to more negative values, suggesting that the rate of electron transfer from the electrode to the CdSe NPs increases. These data also clearly indicate that electron transfer or electron hopping between the NPs is a process much faster than the chemical reduction step (k red
ure 7a displays the potential dependence of k red * obtained from eq 5 for various film thicknesses, the more cathodic the faster the rate of the electron transfer reaction. The value of the incident photon to current conversion efficiency (IPCE) obtained for this system is ϳ0.1% for a film (pLys/CdSe) 10 at Ϫ0.4 V. Figure 5 panels c and d represent the photocurrent responses obtained in DCE for different number of bilayers of (pLys/CdSe@CdS) n at various applied potentials. Unlike the (pLys/CdSe) n films, mainly photoanodic current were recorded, even at very negative applied potentials as soon as the film thickness was larger than three layers. It is clear that the photocurrent magnitude shows a strong dependence on the applied potential. A clear feature in these results is the increase of the photocurrent magnitude with increasing applied potentials. As can be seen in Figure 6b , the initial photocurrent of (pLys/CdSe@CdS) n is proportional to the absorbance for thick films. However, the behavior of a CdSe@CdS monolayer shows two mechanisms; photocathodic at negative potentials and photoanodic at positive potentials. As a result, the absorbance dependence of the initial photocurrent is offset by the behavior of the first layer. For thick films, when only a photoanodic current is observed, we have k ox * Ͼ Ͼ k red * and eq 3 can be reduced to www.acsnano.org
Knowing the initial photocurrents and the absorbance for each number of bilayers, the values of k ox * can be extracted from eq 6. As can be seen in Figure 7b , k ox * increases when increasing the applied potential to more positive values. Except for the first three layers, k ox * is independent of the film thickness.
Kinetic Model. To analyze the kinetics of photoinduced processes and coupled reactions at a film-coated electrode, the model illustrated in Scheme 2 was used to derive the time response of the photocurrent: (7) with the coefficients ␣, ␤, and ␥ relative to the steadystate, cathodic, and anodic photocurrents given respectively by
where k a * (s
) denotes the rate constant for the excited NP quenching by an electron acceptor in the film and k d * (s
) represents the rate constant for the quenching by an electron donor present in the film. k ox and k red are the respective rate constants (s
) for the back electron transfer to the electrode, and k a and k d are the rate constants for the chemical recycling pathway. The first term in eq 7 describes the steady state photocurrent. The second and the third terms represent the photocurrent decay in the case of cathodic and anodic photocurrent, respectively. Here, in the case of (pLys/CdSe) n , the initial photocurrent is mainly determined by k red * , and the photocurrent decay corresponds to the second term of eq 7 and is associated with the back electron transfer to the electrode k ox and the rate of electron transfer k a between the reduced NPs and an electron acceptor in the film. Exponential fittings of the photocurrent transients yielding k ox ϩ k a are shown as dashed curves in Figure 5a ,b showing clearly that this equation provides an adequate estimation of the photocurrent kinetics. The potential dependence of k ox ϩ k a for various film thicknesses was a decrease with increasing potentials, as shown in Figure S6 (Supporting Information). As one would expect k ox to increase with increasing potentials, we can conclude that the dominating factor is here k a , that is, the reoxidation of the film by an electron acceptor. Considering that no photocurrents can be observed when the organic electrolyte is purged with argon, one can speculate that the film is reoxidized by molecular oxygen that has a concentration in the millimolar range in 1,2-dichloroethane. We can conclude that upon irradiation, the (pLys/CdSe) n films act as a photocathode for oxygen reduction. It is also important to notice that no photocurrent responses are observed when the films are in aqueous solutions, as the film is not stable in water and decomposes after a short time.
The photocurrent decay of photoanodic currents is given by the third term of eq 7 and is associated with the sum of the rate constant k red for the back electron transfer to the electrode and the rate constant k d for the rereduction of the oxidized film by an electron donor in the film. Fittings of the photocurrent transients employing eq 7 are shown as dashed curves in Figure 5c ,d. The potential dependence for the k red ϩ k d values shows an increase with increasing potentials, as represented in Figure S7 (Supporting Information) for 3, 7, and 10 bilayers of (pLys/CdSe@CdS) n . Again as one would expect k red to decrease upon going anodic, we can conclude that the limiting step here is the reduction of the oxidized film. The electrode then behaves as a photoanode. In the absence of added electron donor, it is possible that water is oxidized to oxygen.
From a mechanistic viewpoint, we can postulate in the case of CdSe NPs that electron traps located close to the conduction band of the CdSe nanoparticles may be involved to trap the excited electrons, leading to an electron transfer from the Fermi level of the gold electrode to the valence band of the NPs. The reduced NPs may then be recycled by an electron acceptor in the film or in the organic phase, for example, here by oxygen. We have demonstrated in a previous communication the difference between an aqueous polymer-filmmodified electrode in an organic electrolyte solution and a solid-electrode-supported ITIES (interface between two immiscible electrolyte solutions). In the former case, the film was thinner than five bilayers of pLys/pGlu pairs, that is, 20 nm, and the potential drop occurs all through the film. In the latter case, the film was thicker and the potential drop was found to occur both at the gold/film interface and the film/organic electrolyte interface. The fact that here k a is found to exhibit a similar potential dependence for thick films suggests that the oxygen reduction may occur principally at the film/organic electrolyte interface. For thinner films, the electrode behaves as a polymer-modified electrode.
In the case of CdSe@CdS NPs, the presence of a CdS shell around the CdSe core changes the nature of the trapped state. From the present results, we can speculate the presence of hole traps near the valence band of the NPs. Upon irradiation, the NPs can inject electrons from the conduction band to the Fermi level of the gold electrode. These oxidized NPs can then be rereduced by electron donors present in the film. Figure 8 illustrates photocurrents sampled after 4 s for both, (pLys/CdSe) n and (pLys/CdSe@CdS) n films. The former behaves as a nanoporous bulk photocathode able to reduce oxygen, whereas the latter behaves as a nanoporous photoanode able to oxidize water. It is interesting to notice that the two types of films have roughly the same absorbance at the photocurrent excitation wavelength of 442 nm, and as the consequence the range of photocurrents measured is similar. If a (pLys/CdSe) n and a (pLys/CdSe@CdS) n cell were mounted in series and biased at zero volt, Figure 8 suggests that the system could produce a couple of microamps per cm 2 .
CONCLUSIONS
Thin photoactive films composed of positively charged pLys and negatively charged CdSe and CdSe@CdS NPs were fabricated by layer-by-layer assembly on a carboxylic acid terminated alkanethiolmodified gold electrode. UVϪvis absorption and fluorescence spectroscopic measurements reveal a linear increase of NP absorbance with the number of adsorbed layers, indicating a uniform film formation. Fluorescence lifetime measurements using TCSPC technique show that the fluorescence decay of the NPs in the multilayer films is slightly different with that in solution, but similar regardless of the film thickness. Photocathodic currents responses of the multilayer CdSe film were measured as a function of the applied potential and the number of adsorbed CdSe layers. On the other hand, large photoanodic currents were obtained when the CdSe particles are replaced by CdSe@CdS NPs. The photocathodic and photoanodic currents were correlated to reoxidation and rereduction of the film. A kinetic model and simulations show similar electron rate constants when the films are composed of more than three layers. These data suggest that the semiconductor film behaves as one electronic unit, that is, like a nanoporous photocathode when using CdSe particles and nanoporous photoanode when using CdSe@CdS coreϪshells. Finally, we found that these NPs are electronically coupled and that electron transfer between them is a fast process compared to the electrochemical step at the electrode.
EXPERIMENTAL SECTION
Chemicals. All reagents were used as received. Poly-L-lysine (pLys; MW ϭ 30300)) was purchased from Sigma. 11-Mercaptoundecanoic acid (MUA) was obtained from Aldrich. Disodium hydrogen phosphate (Na 2 HPO 4 · 2H 2 O), sodium dihydrogen phosphate (NaH 2 PO 4 · H 2 O), and bis(triphenylphosphoranylidene) ammonium chloride (BTPPAC1) are Fluka products. Lithium tetrakis(pentafluorophenyl) borate (LiTPFB) was bought from Boulder Scientific. 1,2-Dichloroethane (DCE, Aldrich) and ethanol (Aldrich) were used as solvents. The supporting electrolyte in the organic phase was BTPPATPFB, which was prepared as previously reported. 47 All aqueous solutions were prepared with purified water from a Milli-Q 185 system. Finally, citratestabilized CdSe and CdSe@CdS nanoparticles were prepared following the protocol reported previously using a 4:1 Cd/Se molar ratio. 48 The obtained CdSe and CdSe@CdS nanoparticles have an average size around 2.5 to 3 nm as determined by transmission electron microscopy. Film Preparation. The preparation of gold electrodes was carried out by evaporation on a glass substrate. The gold layers were initially modified with a monolayer of MUA by immersion into an ethanolic solution of 1 mM MUA for 12 h. Loosely bound MUA molecules were removed from the surface by rinsing successively with ethanol and water before drying the electrode under an argon stream. The preparation of pLys/NPs multilayer films is based on the electrostatic self-assembly, dipping sequentially the MUA-modified gold electrode into an aqueous 1 g · L
Ϫ1
of pLys prepared in a phosphate buffer at pH 8.4 for 15 min and an aqueous dispersion of CdSe or CdSe@CdS for 1 h. Between each dip, the surface was rinsed with Millipore water and blown dry under an argon stream. The multilayer films prepared by repeating this dipping cycle n times is designated (pLys/ www.acsnano.org CdSe) n when using CdSe particles and (pLys/CdSe@CdS) n when using CdSe@CdS core/shells. Spectroscopic Measurements. The UVϪvisible absorption measurements were performed on an Ocean Optics CHEM2000 UVϪvis spectrophotometer. The steady state and time-resolved fluorescence measurements were performed using the timecorrelated single photon counting (TCSPC) technique. For this purpose, multilayers of pLys and NPs were grown on microscope glass slides previously treated with a piranha solution (piranha solution is very energetic and potentially explosive; handle it with care) in the absence of the gold/MUA layer. Femtosecond laser pulses of 80 MHz, tunable from 700Ϫ1000 nm from a mode locked Ti:sapphire laser (Spectra Physics, Tsunami), pumped by a Nd:YVO 4 solid state laser (Spectra Physics, Millennia Xs), were directed to a pulse picker and frequency doubler (Spectra Physics, model 3980). For the present study, the repetition rate of the optical pulses was set at 400 kHz. The excitation laser beam was s-polarized using a polarizer. The fluorescence was focused by a lens placed at a 90°angle from the excitation beam to the entrance slit of a monochromator (Jobin Yvon, H-10) and detected by a cooled microchannel plate photomultiplier (MCP-PM, Hamamatsu, R3809U-50). The temperature of the MCP-PM housing was set at Ϫ20°C to minimize the dark counts from the MCP-PM. The output of the MCP-PM was further amplified using an amplifier (Becker & Hickl GmbH) and analyzed by a single photon counting module (Edinburgh Instruments, TCC900). The constant fraction discriminator (CFD) parameters were optimized using T900 software to get the best fit and lifetimes for the fluorescence lifetime standard molecules. The overall instrumental response function, as recorded by scattering the excitation light using Ludox in a sample cell, was around 60 ps full width at halfmaximum (fwhm) for 100 ns as a temporal window. The laser pulse STOP synchronization was performed by using the laser fundamental beam from the pulse picker and detected using an optical trigger OT900 (15 V bias, risetime 450 ps). The fluorescence detecting wavelength was set at 550 nm throughout the study. The number of fluorescent photons was kept low relative to the number of start pulses (1% or less).
Electrochemical and Photocurrent Measurements. The electrochemical cell used in all measurements is a custom built threeelectrode cell with a cylindrical glass vessel. The multilayermodified gold slide functions as the working electrode, with a Pt wire counter electrode and an Ag/AgCl reference electrode. The junction between the reference electrode and the organic electrolyte was established by an aqueous solution containing 10 mM LiCl and 1 mM BTPPACl as indicated in Scheme 3. The DCE phase contained 5 mM of BTPPATPFB as supporting electrolyte in order to obtain a large polarization window at the water/ DCE interface. The potential supplied by a wave function generator (Standford Research System, S335) was applied to the electrochemical cell by a custom built potentiostat.
Photocurrent measurements were performed under potentiostatic conditions with potentials supplied by a Hi-Tek wave function generator. The illumination is provided by the 442 nm beam line of a CW HeϪCd laser (Omnichrome Series 74). Neutral density filters were used for controlling the photon flux. A mechanical shutter was used to control the light on and off. The photon flux was measured using a calibrated power meter (Gentec). The illumination and current recording were synchronized by means of custom built Labview programs. The spot size of the laser beam was 3 mm in diameter, and the photocurrent density was calculated using the surface area of the gold substrate.
